Introduction (264 words) 1
A selective sweep is the result of strong positive selection rapidly driving newly 2 occurring or standing genetic variants to fixation, and can dramatically alter the 3 pattern and distribution of allelic diversity in a population or species. Population-4 level sequencing data have enabled discoveries of selective sweeps associated 5 with genes involved in recent adaptations in many species [1] [2] [3] [4] [5] [6] . In contrast, much 6 debate but little empirical evidence addresses whether "selfish" genes are 7 capable of fixation -thereby leaving signatures identical to classical selective 8 sweeps -despite being neutral or deleterious to organismal fitness [7] [8] [9] [10] [11] . Here we 9
show that R2d2, a large copy-number variant that causes non-random 10 segregation of mouse Chromosome 2 in females due to meiotic drive 12 , has 11 driven recurring selective sweeps while having no discernable effect on fitness. 12
We tested multiple closed breeding populations from six outbred backgrounds 13 and found that alleles of R2d2 with high copy number (R2d2 HC ) rapidly increase 14 in frequency, and in most cases become fixed in significantly fewer generations 15 than can be explained by genetic drift. A survey of 16 natural mouse populations 16 in Europe and the United States revealed that R2d2 HC alleles are circulating at 17 intermediate frequencies in the wild; moreover, patterns of local haplotype 18 diversity are consistent with recent positive selection. Our data provide direct 19 evidence of populations actively undergoing selective sweeps driven by a selfish 20
genetic element, and demonstrate that meiotic drive can rapidly alter the 21 genomic landscape in favor of mutations with neutral or even negative effect on 22 overall Darwinian fitness. Further study and updated models are required to 23 clarify the relative contributions of selfish genes, adaptation and genetic drift to 1
evolution. 2

Main text (1710 words) 3
With few exceptions 13, 14 , evolution is viewed through the lens of history, by 4 inference from the comparison of genetically distinct populations that are thought 5 to share a common origin. Much evidence suggests that novel or standing 6 genetic variants can be rapidly fixed by strong positive selection if they are 7 beneficial to organismal fitness. A classic (or "hard") selective sweep describes 8 the process of a newly arising mutation with large positive fitness effect 9 increasing in frequency in a population, ultimately leading to the fixation of the 10 mutation. The concept was later expanded to include "soft" selective sweeps in 11 which selection acts on standing variation in the advent of a change in 12 environment 15, 16 . As a selected variant rises in frequency, it carries with it linked 13 genetic variation ("genetic hitchhiking"), thereby reducing local haplotype 14 diversity. This signature -reduced genetic diversity relative to the neutral 15 expectation in a region of linkage disequilibrium (LD) surrounding an 16 advantageous allele -allows retrospective identification of selective sweeps in 17 samples of contemporaneous populations. 18
In most reported selective sweeps, candidate regions contain genes (or sets of 19 related genes) whose roles in organismal fitness are obvious. Prominent 20 examples include alleles at the Vkorc1 locus, which confers rodenticide 21 resistance in the brown rat 17 , and enhancer polymorphisms conferring lactase 22 persistence in human beings 1 . However, a selective sweep may also be driven 23 by a "selfish" allele that is only beneficial to itself 18 , as has been suggested with 1 Segregation Distorter in Drosophila 3 and transmission distortion in domestic 2 chickens 19 . 3
We previously reported a novel meiotic drive responder locus (R2d2) whose core 4 is a variably sized copy number gain on mouse Chromosome 2 that contains a 5 single annotated gene (Cwc22, a spliceosomal protein). Females that are 6 heterozygous at R2d2 preferentially transmit to their offspring the allele with high 7 copy number (R2d2 HC ) relative to the allele with low copy number (R2d2 LC ) to an 8 extent that depends on genetic background. Distorted transmission of R2d2 HC is 9 also either uncorrelated or negatively correlated with fecundity -a major 10 component of absolute fitness -depending on genetic background 12 . R2d2 HC 11 therefore behaves as a selfish genetic element. Here, we tested the hypothesis 12 that this element is capable of causing selective sweeps in both laboratory and 13 wild populations of house mice. 14 The Diversity Outbred (DO) is a randomized outbreeding population derived from 15 eight inbred mouse strains that is maintained under conditions designed to 16 minimize the effects of both selection and genetic drift. Expected time to fixation 17 or loss of an allele present in the founder generation (with initial frequency 1/8) is 18 ~9 00 generations 20 . The WSB/EiJ founder strain contributed an R2d2 HC allele 19 which underwent a more than three-fold increase (from 0.18 to 0.62) in 13 20 generations (p < 0.001 by simulation; range 0.03 -0.26 after 13 generations in 21 1000 simulation runs) ( Figure 1A) , accompanied by distorted allele frequencies 22 across a ~100 Mb region linked to the allele ( Figure 1B) . Litter sizes in the DO 23 were approximately constant during the increase in R2d2 HC frequency (mean 1 7.48 ± 0.27; Figure 1A ), suggesting that R2d2 does not impact overall 2 reproductive fitness in this population. 3
We also observed selective sweeps in selection lines derived from the ICR:Hsd 4 outbred population 21 , in which R2d2 HC alleles are segregating ( Figure 1C ). Three 5 of four lines selectively bred for high voluntary wheel-running (HR lines) and two 6 of four control lines (10 breeding pairs per line per generation in both conditions) 7 went from starting R2d2 HC frequencies ~0.75 to fixation in 60 generations or less: 8 two lines were fixed by generation 20, and three more by generation 60. In 9 simulations mimicking this breeding design and neutrality (Extended Data Fig.  10 1), median time to fixation was 46 generations (5th percentile: 9 generations). 11
Although the R2d2
HC allele would be expected to eventually fix by drift in 6 of 8 12 lines given its high starting frequency, fixation in two lines within 20 generations 13 and three more lines by 60 generations is not expected (p = 0.003 by simulation). 14 In a related advanced intercross segregating for high and low copy number 15 alleles at R2d2 (HR8xC57BL/6J 22 ), we observed that R2d2 HC increased from a 16 frequency of 0.5 to 0.85 in just 10 generations and fixed by 15 generations, 17 versus a median 184 generations in simulations (p < 0.001) ( Figure 1D) Using archival tissue samples, we were able to determine R2d2 allele 22 frequencies in the original founder populations of 6 of the ~60 wild-derived 23 laboratory strains in common use 23 . In four strains, WSB/EiJ, WSA/EiJ, 1 ZALENDE/EiJ, and SPRET/EiJ, R2d2 HC alleles were segregating in the founders 2 and are now fixed in the inbred populations. In the other two strains, LEWES/EiJ 3 and TIRANO/EiJ, the founders were not segregating for R2d2 copy number and 4 the inbred populations are fixed for R2d2 LC (Extended Data Fig. 2 ). This trend in 5 wild-derived strains is additional evidence of the tendency for R2d2
HC to go to 6 fixation in closed breeding populations when segregating in the founder 7
individuals. 8
Recently, whole-genome sequencing revealed extreme copy number variation at 9 the R2d2 locus in a sample of eight mice trapped in the Cologne-Bonn region of 10 Data Fig. 4) . However, the power of these tests is limited when the 20 favored allele is common in the ancestral population, when a sweep is ongoing, 21 or when linkage disequilibrium is weak 29 . In the case of very recent or strong 22 positive selection, unrelated individuals are more likely to share extended 23 segments identical by descent (IBD) in the vicinity of the selected locus 30 , 1 compared with a population subject only to genetic drift. Consistent with this 2 prediction, we observed a significant excess of shared IBD across populations 3 around R2d2 (Figure 2A ): R2d2 falls in the top 0.25% of IBD-sharing scores 4 across the autosomes. In all cases, the shared haplotype has high copy number. 5
Strong signatures are also evident at a previously identified target of positive 6 selection, the Vkorc1 locus (distal Chromosome 7) 31 . 7
In principle, the strength and age of a selective sweep can be estimated from the 8 rate of LD decay around the locus under selection. From the SNP data, we 9 identified a ~1 Mb haplotype with significantly greater identity between individuals 10 with R2d2
HC alleles compared to the surrounding sequence. We used published 11 sequencing data from 26 wild mice 24 to measure LD decay around R2d2 and 12 found that the haplotypes associated with R2d2 HC alleles are longer than those 13 associated with R2d2 LC (Figure 2B-C) . This pattern of haplotype homozygosity is 14 consistent with positive selection over an evolutionary timescale as short as 450 15 generations. However, we note that R2d2 HC alleles are refractory to 16 recombination in laboratory crosses 12 , and a nearly identical 2 -5 Mb haplotype 17 (0.5 -1.1 cM in the standard mouse genetic map) is shared by several classical 18 and wild-derived inbred strains that have different karyotypes and whose 19 ancestors are separated by at least 10,000 generations 32 (Extended Data Fig.  20 
5). 21
The discrepancy between the degree of transmission distortion in favor of 22
R2d2
HC in laboratory populations (up to 95%) and its moderate allele frequency 23 in the wild (0.14 worldwide) is initially surprising. However, in contrast to most 1 other known meiotic drive systems, in which the component elements are tightly 2 linked, the action of R2d2 HC is dependent on genetic background at multiple 3 unlinked "modifier" loci 12 . Since the identities of these modifiers are currently 4 unknown, we cannot predict their frequencies or distributions in the wild; thus, 5 there is no reason to expect R2d2 to be monomorphic. We used forward-in-time 6 simulations to explore the population dynamics of meiotic drive in the simple 7 case of two unlinked modifier loci. Assuming an additive model, we found that 8 fixation of a focal allele (e.g. R2d2 HC ) by meiotic drive was no more frequent than 9 under the null model of neutral drift when permissive modifier alleles were rare, 10 except when effective population size was large. An epistatic model required 11 even greater modifier allele frequencies and/or population sizes to fix a focal 12 allele (Extended Data Fig. 6 ). Evolutionary dogma holds that a newly arising mutation's likelihood of becoming 10 established, increasing in frequency and even going to fixation within a 11 population is positively correlated with its effect on organismal fitness. Here, we 12 have provided evidence of a selfish genetic element driving recurring selective 13 sweeps in which change in allele frequency and effect on organismal fitness are 14 decoupled. This has broad implications for evolutionary studies: independent 15 evidence is required to determine whether loci implicated as drivers of selective 16 sweeps are adaptive or selfish. 17
18
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Mice 2
Diversity Outbred (DO): All DO mice are bred at The Jackson Laboratory in 3 waves (or "generations") lasting ~3 months. Some offspring from each generation 4 are used as founders for subsequent generations. Pedigrees are used to identify 5 mating pairs that minimize the chances for natural selection to occur. Individual 6 investigators purchased mice (Supplementary Table 3 ) for unrelated studies, 7 and contributed either tissue samples or genotype data to this study. All mice 8
were handled in accordance with the IACUC protocols of the investigators' 9 respective institutions. 10
High running (HR) selection lines:
The breeding and selection scheme of the HR 11 lines is described elsewhere 21 . Briefly, two generations prior to selection 12 (generation -2), offspring of a base population of ICR:Hsd outbred mice were 13 randomly assigned to 112 mating pairs. The offspring of those pairs were used 14 as founders for eight lines (10 breeding pairs per line). At each generation 15 thereafter, within-family selection for voluntary wheel running was performed: the 16 highest-running male and female from each family were randomly paired 17 (avoiding sibling matings) to produce the next generation. 18
HR8xC57BL/6J advanced intercross: The production of the HR8xC57BL/6J 19 advanced intercross is described elsewhere 39, 40 . Briefly, at ∼8 wk of age, 20 progenitor HR8 mice (HR line #8, 44th generation of artificial selection for high 21 voluntary wheel running) and C57BL/6J (B6) mice underwent a reciprocal cross 22 breeding protocol. 22 males and 22 females per line produced the F1 generation, 23 . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024851 doi: bioRxiv preprint first posted online Aug. 20, 2015;  and three subsequent generations (F2, G3, G4) were derived from the two 1 reciprocal mating types (B6 males × HR8 females and B6 females × HR8 males). 2
Once established, the two reciprocal cross-line populations were not mixed. In 3 total, 32 mating pairs from each reciprocal cross population were established 4 each generation. To avoid inbreeding and increase the effective population size, 5 interfamilial matings were assigned each generation utilizing a Latin square 6 design. Only one of the two reciprocal types (B6 females × HR8 males) was 7 carried from G5 to G15 and subsequently utilized in the current study. 8
Progenitors of wild-derived strains: Details of the origins of wild-derived inbred 9 strains are taken from Beck et al. (2000) 41 . 3, 5, 8, 9, 10, 11, 12, 13, 14 and 15 . Crude whole-genomic 2 DNA was extracted by the method described above. We designed primers to 3 amplify a 518 bp region (chr2: 83,724,728 -83,725,233) within the R2d2 4 candidate interval. The amplicon is predicted, based on whole-genome 5 sequencing, to contain a 169 bp deletion in HR8 relative to the C57BL/6J 6 reference genome: 5'-GAGATTTGGATTTGCCATCAA-3' (forward) and 5'-7 GGTCTACAAGGACTAGAAACAG-3' (reverse). PCR reactions were carried out 8 as described above. Products were visualized and scored on 2% agarose gels. 9
Whole-genome sequencing of HR selection lines. Ten individuals from 10 generation +61 of each of the eight HR selection lines were subject to whole-11 genome sequencing. Briefly, high-molecular-weight genomic DNA was extracted 12 using a standard phenol/chloroform procedure. Illumina TruSeq libraries were 13 constructed using 0.5 µg starting material, with fragment sizes between 300 and 14 500 bp. Each library was sequenced on one lane of an Illumina HiSeq2000 15 flowcell in a single 2x100bp paired-end run. 16
Microarray genotyping and quality control. Whole-genomic DNA was isolated 17 from tail, liver, muscle or spleen using Qiagen Gentra Puregene or DNeasy 18
Blood & Tissue kits according to the manufacturer's instructions. All genome-19 wide genotyping was performed using the Mouse Universal Genotyping Array 20 (MUGA) and its successor, MegaMUGA (GeneSeek, Lincoln, NE) 26, 43 . 21
Genotypes were called using Illumina BeadStudio (Illumina Inc., Carlsbad, CA). 22
We excluded all markers and all samples with missingness greater than 10%. 23
We also computed the sum intensity for each marker: S i = X i + Y i , where X i and 1 Y i are the normalized hybridization intensities of the two allelic probes. We 2 determined the expected distribution of sum intensity values using a large panel 3 of control samples. We excluded any array for which the set of intensities I = {S 1 , 4 S 2 , …, S n } was not normally distributed or whose mean was significantly left-5 shifted with from the reference distribution (one-tailed t-test with p < 0.05). 6
Haplotype frequency estimation in the Diversity Outbred. We inferred the 7 haplotypes of DO individuals using probabilistic methods 44, 45 . We combined the 8 haplotypes of DO individuals genotyped in this study with the Generation 8 9 individuals in Didion et al. (2015) . As an additional QC step, we computed the 10 number of historical recombination breakpoints per individual per generation 20 11 and removed outliers (more than 1.5 standard deviations from the mean). Next, 12
we excluded related individuals as follows. We used ValBreed 46 to perform a 13 simulation of the DO breeding design for 15 generations to determine the 14 distributions of pairwise haplotype identity between first-degree relatives, second-15 degree relatives, and unrelated individuals in each generation. We found that all 16 distributions were normal and converged after three generations to mean 0.588 ± 17 0.045 for first-degree relatives; mean 0.395 ± 0.039 for second-degree relatives; 18 and mean 0.229 ± 0.022 for more distantly related individuals. We then 19 computed the pairwise haplotype identity between all individuals, and identified 20 pairs whose identity had a greater probability of belonging to the first-or second-21 degree relative distributions than to the unrelated distribution. We iteratively 22 removed the individuals with the greatest number of first-and second-degree 23 . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a
The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024851 doi: bioRxiv preprint first posted online Aug. 20, 2015;  calculated the sample mean ( ) and standard deviation ( ) of the normalized ∆ ! 1 among CAST/EiJ controls and wild M. m. castaneus individuals together. We 2 designated as "high-copy" any individual with normalized ∆ ! greater than + 2 3 -that is, any individual with approximately > 95% probability of having diploid 4 copy number >2 at R2d2. Individuals with high copy number and evidence of 5 local heterozygosity (a heterozygous call at any of the 13 markers in the R2d2 6 candidate interval) were declared heterozygous R2d2 HC/LC , and those with high 7 copy number and no heterozygous calls in the candidate interval were declared 8
homozygous R2d2 HC/HC . 9
Exploration of population structure in wild mice. The wild mice used in this 10 study (Supplementary Table 1 ) are a subset of the Wild Mouse Genetic Survey 11 and are characterized in detail elsewhere (JPD, JBS, and FPMV, in preparation) . 12
The majority (325 of a total n = 500 mice) were trapped at sites across Europe 13 The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024851 doi: bioRxiv preprint first posted online Aug. 20, 2015;  Scans for signatures of positive selection based on patterns of haplotype-sharing 1 assume that individuals are unrelated. We identified pairs of related individuals 2 using the IBS2* ratio 49 , defined as HETHET / (HOMHOM + HETHET), where 3 HETHET and HOMHOM are the count of non-missing markers for which both 4 individuals are heterozygous (share two alleles) and homozygous for opposite 5 alleles (share zero alleles), respectively. Pairs with IBS2* < 0.75 were considered 6 unrelated. Among individuals which were a member of one or more unrelated 7 pairs, we iteratively removed one sample at a time until no related pairs 8 remained, and additionally excluded markers with minor-allele frequency < 0.05 9 or missingness > 0.10. The resulting dataset contains genotypes for 396 mice at 10 58,283 markers. 11
Several of our analyses required that samples be assigned to populations. 12 Because mice in the wild breed in localized demes and disperse only over short 13 distances (on the order of hundreds of meters) 50 , it is reasonable to delineate 14 populations on the basis of geography. We assigned samples to populations 15 based on the country in which they were trapped. To confirm that these 16 population labels correspond to natural clusters we performed two exploratory 17 analyses of population structure. First, classical multidimensional scaling (MDS) 18 of autosomal genotypes was performed with PLINK 51 (--mdsplot --autosome) . 19
The result is presented in Extended Data Fig. 3B-C , in which samples are 20 colored by population. Second, we used TreeMix 52 to generate a population tree 21 allowing for gene flow using the set of unrelated individuals. Autosomal markers 22
were first pruned to reach a set in approximate linkage equilibrium (plink --indep 23 . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024851 doi: bioRxiv preprint first posted online Aug. 20, 2015;  25 1). TreeMix was run on the resulting set using the M. m. castaneus samples 1 as an outgroup and allowing up to 10 gene-flow edges (treemix -root "cas" -k 10). 2
The result is presented in Extended Data Fig. 3D . The clustering of samples by 3 population evident by MDS and the absence of long-branch attraction in the 4 population tree together indicate that our choices of population labels are 5 biologically reasonable. 6
Scans for selection in wild mice. Two complementary statistics, hapFLK 28 and 7 standardized iHS score 27 , were used to examine wild-mouse genotypes for 8 signatures of selection surrounding R2d2. The hapFLK statistic is a test of 9 differentiation of local haplotype frequencies between hierarchically-structured 10 populations. It can be interpreted as a generalization of Wright's F ST which 11 exploits local LD. Its model for haplotypes is that of fastPHASE 53 and requires a 12 user-specified value for the parameter K, the number of local haplotype clusters. 13
We computed hapFLK in the set of unrelated individuals using M. m. castaneus 14 samples as an outgroup for K = {4, 8, 12, 16, 20, 24, 28, 32} (hapflk --outgroup 15 "cas" -k {K}) and default settings otherwise. 16
The iHS score (and its allele-frequency-standardized form |iHS|) is a measure of 17 extended haplotype homozygosis on a derived haplotype relative to an ancestral 18 one. For consistency with the hapFLK analysis, we used fastPHASE on the same 19 genotypes over the same range of K with 10 random starts and 25 iterations of 20 expectation-maximization (fastphase -K{K} -T10 -C25) to generate phased 21 haplotypes. We then used selscan 54 to compute iHS scores (selscan --ihs) and 22 standardized the scores in 25 equally-sized bins (selscan-norm --bins 25). 23 . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024851 doi: bioRxiv preprint first posted online Aug. 20, 2015;  Values in the upper tail of the genome-wide distribution of hapFLK or |iHS| 1 represent candidates for regions under selection. We used percentile ranks 2 directly and did not attempt to calculate approximate or empirical p-values. 3
Detection of identity-by-descent (IBD) in wild mice. As an alternative test for 4 selection we computed density of IBD-sharing using the RefinedIBD algorithm of 5 BEAGLE v4.0 (r1399) 55 , applying it to the full set of 500 individuals. The 6 haplotype model implemented in BEAGLE uses a tuning parameter (the "scale" 7 parameter) to control model complexity: larger values enforce a more 8 parsimonious model, increasing sensitivity and decreasing computational cost at 9 the expense of accuracy. The authors recommend a value of 2.0 for ~1M SNP 10 arrays in humans. We increased the scale parameter to 5.0 to increase detection 11 power given (a) our much sparser marker set (77,808 SNPs), and (b) the 12 relatively weaker local LD in mouse versus human populations 56 . We trimmed 13 one marker from the ends of candidate IBD segments to reduce edge effects 14 (java -jar beagle.jar ibd=true ibdscale=5 ibdtrim=1). We retained those IBD 15 segments shared between individuals in the set of 396 unrelated mice. In order 16 to limit noise from false-positive IBD segments, we further removed segments 17 with LOD score < 5.0 or width < 0.5 cM. 18
An empirical IBD-sharing score was computed in 500 kb bins with 250 kb overlap 19 as: 20
. CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024851 doi: bioRxiv preprint first posted online Aug. 20, 2015;  Analysis of LD decay in whole-genome sequence from wild mice. We 13 obtained raw sequence reads for 26 unrelated wild mice from 24 
(European 14
Nucleotide Archive project accession PRJEB9450; samples listed in 15 Supplementary Table 4 ) and aligned it to the mouse reference genome 16 (GRCm38/mm10 build) using bwa mem with default parameters. SNPs relative to 17 the reference sequence of Chromosome 2 were called using samtools mpileup 18 v0.1.19-44428cd with maximum per-sample depth of 200. Genotype calls with 19 root-mean-square mapping quality < 30 or genotype quality >20 were treated as 20 . CC-BY-NC 4.0 International license peer-reviewed) is the author/funder. It is made available under a The copyright holder for this preprint (which was not . http://dx.doi.org/10.1101/024851 doi: bioRxiv preprint first posted online Aug. 20, 2015;  missing. Sites were used for phasing if they had a minor-allele count ≥ 2 and at 1 most 2 missing calls. BEAGLE v4.0 (r1399) was used to phase the samples 2 conditional on each other, using 20 iterations for phasing and default settings 3 otherwise (java -jar beagle.jar phasing-its=20). Sites were assigned a genetic 4 position by linear interpolation on the most recent genetic map for the mouse 44, 45 . 5
The R2d2 candidate interval spans positions 83,790,939 -84,701 ,151 in the 6 mm10 reference sequence. As the index SNP for R2d2 HC we chose the SNP with 7 strongest nominal association with R2d2 copy number (as estimated by Pezer et 8 al. (2015)) within 1 kb of the proximal boundary of the candidate interval. That 9 SNP is chr2:83,790,275T>C. The C allele is associated with high copy number 10 and is therefore presumed to be the derived allele. We computed the extended 11 haplotype homozygosity (EHH) statistic 57 in the phased dataset over a 1 Mb 12 window on each side of the index SNP using selscan (selscan --ehh --ehh-win 13 1000000). The result is presented in Figure 2B . Decay of haplotypes away from 14 the index SNP was visualized as a bifurcation diagram ( Figure 2C ) using code 15 adapted from the R package rehh (https://cran.r-project.org/package=rehh). 16
Estimation of age of R2d2
HC alleles in wild mice. To obtain a lower bound for 17 the age of R2d2 HC and its associated haplotype, we used the method of 18
Stephens et al. (1998) 58 . Briefly, this method approximates the probability P that 19 a haplotype is not broken by recombination during the G generations since its 20 origin as 21 20, 2015; where µ and r are the per-generation rates of mutation and recombination, 1 respectively. Taking P', the observed number of ancestral (non-recombined) 2 haplotypes in a sample, as an estimator of P, obtain the following expression for 3
We enumerated haplotypes in our sample of 52 chromosomes at 3 SNPs 5 spanning the R2d2 candidate interval. The most proximal SNP is the index SNP 6 for the EHH analyses (chr2:83,790,275T>C); the most distal SNP is the SNP 7 most associated with copy number within 1 kbp of the boundary of the candidate 8 interval (chr2:84,668,280T>C); and the middle SNP was randomly-chosen to fall 9 approximately halfway between (chr2:84,079,970C>T). The three SNPs span 10 genetic distance 0.154 cM (corresponding to r = 0.00154). The most common 11 haplotype among samples with high copy number according to Pezer et al. was 12 assumed to be ancestral. Among 52 chromosomes, 22 carried at least part of the 13
R2d2
HC -associated haplotype; of those, 11 were ancestral and 11 recombinant 14 20, 2015; or the HR8xC57BL/6J advanced intercross line. But even in these scenarios, an 1 allele under positive selection is expected to fix 1) more often than expected by 2 drift alone in repeated breeding experiments using the same genetic 3 backgrounds, and 2) more rapidly than expected by drift alone. We used the R 4 package simcross (https://github.com/kbroman/simcross) to obtain the null 5 distribution of fixation times and fixation probabilities for an HR line under 6
(Supplementary
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Mendelian transmission. 7
We assume that the artificial selection applied for voluntary exercise in the HR 8 lines (described in Swallow et al. (1998) ) was independent of R2d2 genotype. 9
This assumption is justified for two reasons. First, 3 of 4 selection lines and 2 of 4 10 control (unselected) lines fixed R2d2 HC . Second, at the fourth and tenth 11 generation of the HR8xC57BL/6J advanced intercross, no quantitative trait loci 12 (QTL) associated with the selection criteria (total distance run on days 5 and 6 of 13 a 6-day trial) were found on Chromosome 2. QTL for peak and average running 14 speed were identified at positions linked to R2d2; however, HR8 alleles at those 15 QTL were associated with decreased, not increased, running speed 39, 40 . 16
Without artificial selection an HR line reduces to an advanced intercross line 17 maintained by avoidance of sib-mating. We therefore simulated 100 replicates of 18 an advanced intercross with 10 breeding pairs and initial focal allele frequency 19 0.75. Trajectories were followed until the focal allele was fixed or lost. As a 20 validation we confirmed that the focal allele was fixed in 754 of 1000 runs, not 21 different from the expected 750 (p = 0.62, binomial test). Simulated trajectories 22 and the distribution of sojourn times are presented in Extended Data Fig. 1A-B 
The HR8xC57BL/6J advanced intercross line was simulated as a standard 1 biparental AIL with initial focal allele frequency of 0.5. Again, 1000 replicates of 2 an AIL with 20 breeding pairs were simulated and trajectories were followed until 3 the focal allele was fixed or lost. The result is presented in Extended Data Fig.  4 
1C-D. 5
Simulations of meiotic drive with unlinked modifiers. To explore the 6 population dynamics of a meiotic drive system in which transmission ratio at a 7 responder locus is controlled by genotype at unlinked modifier loci, we simulated 8 populations of constant size under the Wright-Fisher model 34 . Each run is 9 characterized by the following parameters: initial frequency of the responder 10 allele (d); initial frequencies of two modifier alleles (f 1 , f 2 ); population size (N); 11 genetic architecture for transmission distortion (additive or epistatic); and effect 12 sizes of modifier alleles ( ! , ! for additive model or for epistatic model). The 13 responder locus and both modifier loci are assumed mutually unlinked. Sex ratio 14 is held constant at 0.5. 15
At each generation, allele counts at the modifier loci and at the responder locus 16 in males and homozygous females are drawn from a binomial distribution 17 conditional on the previous generation assuming Mendelian segregation (i.e., the 18 standard Wright-Fisher model). Alleles at the responder locus in heterozygous 19 females, however, are drawn by binomial sampling with parameter p conditional 20 on individual genotypes at the modifier loci: 21
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